ABSTRACT To examine the hypothesis that an abnormally rapid increase in pulmonary distensibility occurs in cigarette smokers, 39 adult smokers (24 men), mean age 47 (SD 8) years, who were not disabled were studied on two occasions over a mean interval of 3-5 (SD 0-5) years. Exponential analysis of static pressure-volume data obtained during deflation ofthe lungs gave the exponent K, an index of distensibility. Total lung capacity (TLC) was measured in a body plethysmograph. At entry into the longitudinal study mean values for K and static recoil pressure in the 39 smokers available for follow up were similar to those obtained in the original group of 101 smokers (73 men), mean age 42 (SD I 1) years, in the cross sectional study. Over the interval of the study, ln K and TLC increased and FEV, decreased at rates greater than those found in a previous longitudinal study of 34 non-smokers (24 men), mean age 42 (SD 15) years. In the longitudinal study of smokers the observed changes in K and in recoil pressure over the interval of study were greater than the values obtained from the regression slopes found in the cross sectional study of smokers. On the basis of the regression model used previously in the longitudinal study of non-smokers, the age coefficient for ln K was greater than that found in the non-smokers (p < 0 01). The regression model also showed that the slope of ln K on age increased in older subjects. Because K is related to peripheral airspace size, a rapid rate ofincrease in K identifies smokers in whom airspace size is increasing abnormally rapidly. In this study the rate of increase in K and the variation between subjects was sufficient to explain the magnitude of the increased pulmonary distensibility found in cigarette smokers who present with emphysema.
FEV, decreased at rates greater than those found in a previous longitudinal study of 34 non-smokers (24 men), mean age 42 (SD 15) years. In the longitudinal study of smokers the observed changes in K and in recoil pressure over the interval of study were greater than the values obtained from the regression slopes found in the cross sectional study of smokers. On the basis of the regression model used previously in the longitudinal study of non-smokers, the age coefficient for ln K was greater than that found in the non-smokers (p < 0 01). The regression model also showed that the slope of ln K on age increased in older subjects. Because K is related to peripheral airspace size, a rapid rate ofincrease in K identifies smokers in whom airspace size is increasing abnormally rapidly. In this study the rate of increase in K and the variation between subjects was sufficient to explain the magnitude of the increased pulmonary distensibility found in cigarette smokers who present with emphysema.
According to the elastase hypothesis for the development of emphysema,' 2 a relative increase in elastolytic degradation of lung connective tissue produces an increase in the size of peripheral airspaces and breakdown of alveolar tissue. The observations of Thurlbeck'' and others56 show that increases in lung volume and in peripheral airspace size are found in lungs with minor or equivocal evidence of tissue destruction, from which it has been inferred that the increase in volume is independent of the "lesions of emphysema"6 (which are defined partly in terms of alveolar wall destruction). An alternative view is that in the process leading to the anatomical changes recognised as "emphysema" an increase in the size of airspaces precedes the breakdown of alveolar tissue. If the latter were true, it should be possible to show that an increase in the size of airspaces occurs at an accelerated rate in some smokers. We expect also that an increase in the size of airspaces would be likely to begin in some smokers within the first few years of smoking and would progress at different rates for different individuals.
The size of airspaces in the lungs is the major determinant of pulmonary distensibility.78 By studying pulmonary distensibility therefore the gradual increase in airspace size in cigarette smokers can be followed. Pulmonary distensibility is quantified by exponential analysis of static pressure-volume (PV) data obtained during deflation of the lungs. 9 The exponent K is an index of distensibility, which is independent of lung size and independent of sex.'°The index K relates directly to a morphometric estimate (mean linear intercept, Lm) of average airspace size in excised human lungs, whether normal or emphysematous, as well as in the lungs of several other mammals.8 Through its influence on surface forces the 176 size of airspaces is the major determinant of K.' This hypothesis was supported by the finding in healthy subjects that the rate of increase in K with age corresponds to the rate of increase in Lm with age in excised human lungs."' In a previous cross sectional study of cigarette smokers who were not disabled K increased with age more rapidly than in non-smokers, suggesting that the size of airspaces also increased at an unusually rapid rate. '2 The present longitudinal study of smokers was undertaken to obtain a direct estimate of the rate of increase in K (and therefore of Lm) in individual smokers and to test the following hypothesis. If the increase in the size of airspaces in the lungs is a gradual process extending over many years, as is implicit in the elastase hypothesis,'" "' then K should increase abnormally rapidly in some smokers and at a rate sufficient to account for values obtained in patients presenting with emphysema in their sixth decade. In other smokers, presumably those who maintain a normal elastase-antielastase balance or who can repair elastin damage more effectively, the rate of increase in K should be similar to that found in healthy nonsmokers.
Methods

SUBJECTS
The 39 subjects (24 men and 15 women) included in the present study were regular cigarette smokers without established lung disease and all were able to maintain normal activity. They were selected from 101 subjects who had been included in a cross sectional study.'2 Of these 101 subjects, 10 had become ex-smokers, three refused to take part in a second study, and one had died from an accident. The remaining 48 subjects from the cross sectional study did not reply or could not be traced. All subjects smoked more than 15 cigarettes a day, with a mean consumption of 33 (SD 14, range 15-80) cigarettes a day, starting from the age of 18 (SD 4, range 9-32) years. The interval between the first and the second study averaged 3-5 (SD 0-5, range 2-8-5-2) years. All subjects freely consented to these studies.
PRESSURE-VOLUME DATA Static pressure-volume data were obtained during several interrupted deflations of the lungs from total lung capacity (TLC) with a computerised measurement system.' Transpulmonary pressure (PL)
was measured with an oesophageal balloon (length 10 cm, gas volume 0-5 ml) and a Statham differential strain gauge (PM131TC). For both studies in a given subject the distance from the external nares to the tip of the balloon was the same. The change in lung volume from TLC was obtained by electrical integration of flow at the mouth with correction for gas Colebatch (8) 64 (10) 61 (9) *The smokers in the longitudinal study are a subsample of the cross sectional study of smokers. tp < 0-05: significance of the difference from the value for the cross sectional study. Individual values for TLC in the two studies are shown in figure 2 . Over the interval of study FRC and g 1 Values for pulmonary distensibility (K)for 24 male TLC increased; VC, FEV, the ratio of FEV, to FVC, I) and 15 female (F) smokers for the first study (abscissa) and maximum mid expiratory flow decreased ( in this study than in the longitudinal study of non-103; p > 0 5) that was insignificant; it changed the smokers" (p < 0 05 and < 0-001 respectively), but the timate of the coefficient for the age x a age term (b2) changes in FRC and VC did not differ significantly in )m 7 68 x 10' to 8 80 x 104, which was less than the two studies. The remaining values in table 5 could ie standard error of the estimate for b2. The a age not be compared with findings in the non-smokers. term was therefore omitted from the final regression model.
In the smokers the estimate for the rate ofincrease in ln K with age at entry to the study (2-26 x 10-2/yearage coefficient, b, in table 4) was greater than the corresponding value obtained in the longitudinal study ofnon-smokers" (9-02 x 10-3/year, SEM 1 77 x 10-3, p < 0-01), but it did not differ significantly from the age coefficient in the cross sectional study of
Discussion
The subjects included in our previous cross sectional study of cigarette smokers appeared to be representative of a working population of smokers without overt disability,'2 and the subsample available for the present longitudinal study showed values similar to those obtained in the larger, cross sectional study. By excluding subjects with established lung disease, however, we have probably underestimated the effects of heavy smoking in a random sample of the population. group.bmj.com on June 22, 2017 -Published by http://thorax.bmj.com/ Downloaded from = ln2/h)-and, although their absolute values are systematically lower (owing to a different method of analysis) than for our own subjects, the rates of increase in K of 6 4 x 10-2 kPa-'/year in smokers and 3 2 x 10-2 kPa-'/year in non-smokers are similar to the values given in table 3.
The results obtained in our longitudinal study of non-smokers" showed that K increased as a function ofits initial value, suggesting the use ofan exponential, or logarithmic, model for expressing its increase with time. In the analyses given here the rate of increase in ln K is greater in smokers than in non-smokers. The average obtained for AIn K/year over the interval between the two studies (table 3) is greater than other estimates, but is probably a biased estimate and is limited in its application. Our statistical model (see table 4 and also under "Methods") used the absolute values for In K and also allowed for significant variability between subjects. The estimate obtained for the annual increase in ln K using this statistical model provides a weighted average value of the slope related to age; it was nearly twice the estimate obtained in the cross sectional study of smokers, although owing to a relatively large variance in both cases this difference did not reach significance. The significant b2 age x A age term (table 4) affects the slope of the linear regression of In K on age. As subjects become older this slope increases and is detected here because precision ofcomparison within subjects is greater than cross sectional comparisons between subjects.
In the comparison of longitudinal and cross sectional data for smokers inherent differences between these studies need to be considered. The range for healthy non-smokers is from a cross sectional study of 124 subjects,'0 because this study covered a wider age range and included nearly four times as many subjects as in the longitudinally studied non-smokers. In an average cigarette smoker K will be outside the normal range by his mid 40s, and a high initial value at the age of 20 years, or a shortened time constant, means that during the sixth decade he or she will achieve a value for K within the range found for patients with emphysema (diagnosed on clinical and radiological grounds-Colebatch, unpublished observations). Because we excluded smokers with established pulmonary disease, we are likely to have underestimated the rate of increase in K in some smokers. The limits of the model (shortest time constant with highest initial value and vice versa) are not, however, given in figure  3 . The range of time constants is such that some smokers would retain normal values for K throughout their lifespan.
The analysis given in figure 3 suggests how smokers who are susceptible to the emphysema inducing effect of cigarette smoke might be identified. al 5 and of Berend et al 6 are also consistent with an increase in lung distensibility preceding the development of emphysema. In addition, an asymptomatic increase in distensibility has been found in a cross sectional study of smokers. 2 This process ofincreasing distensibility implies-as detailed analysis elsewhere has shown20 22-that airways disease and emphysema are not causally related. An increase in peripheral airspace size (that is, a decrease in the surface:volume ratio of the lungs) decreases the contribution of surface forces to lung recoil and thereby increases distensibility (increase in K). Surface forces normally dominate the distensibility of air filled lungs and differences in tissue elasticity (as assessed in saline filled lungs) have no discernible effect on total lung distensibility.8 Thus increased distensibility in emphysema is likely to be directly related not to decreased tissue recoil or to the tissue destruction itself but to the accompanying enlargement of peripheral airspaces, an enlargement that is part of the definition of emphysema. 23 In this respect, to use the term emphysema only when there is tissue destruction-the lesions of emphysema6-may be misleading. In the assessment of emphysema there is a difference, in principle, between picture grading methods (which emphasise the most abnormal areas) and measurements of Lm7 (which exclude bullous lesions larger than 2 cm in diameter and include the more "normal" airspaces). Large emphysematous spaces in excised lungs remain inflated for days at very low transpulmonary pressure.7 Thus bullae probably contribute little to lung function during life other than as air filled, space occupying lesions and, in relating structure to distensibility, measurements of Lm appear to be preferable to measurements that reflect gross destructive lesions.
An increase in airspace size reflects changes to the fibrous framework of the lungs, probably caused by a relative increase in elastolytic activity in lung connective tissue.' This could occur, without any change in the total quantity of elastin or collagen, through a rearrangement of fibres that may reflect a greater turnover of elastin,24 as well as the normal stresses to which lung tissue is exposed throughout life. As is seen from the increase in Lm with age," a similar process, but developing at a slower rate, takes place in normal aging. The development ofimbalance between elastase and antielastase activity2 in smokers will be a chronic process,'3 14 resulting in a gradual increase in airspace size and therefore in K. Consequently the increase in airspace size, and therefore in K, should be revealed as a continuous change over many years, as is suggested by the findings in the present study.
Because of its direct relationship with airspace size, K provides an appropriate index for identifying the development of emphysema during life.22 High values for K identify smokers with large airspaces-the antecedent of emphysema. Moreover, longitudinal studies can identify smokers in whom K is increasing abnormally rapidly and who are therefore at risk of developing clinical emphysema.
